We have mapped the topology of the C-terminal half of the putative potassium channel protein Kch in the inner membrane of Escherichia coli using PhoA fusions. Our results are consistent with the widely assumed sixtransmembrane helix model for eukaryotic voltagegated ion channels and place both ends of the proposed channel-lining P-segment on the periplasmic side of the inner membrane. The rather hydrophobic P-segment is found to translocate only slowly across the inner membrane and seems to be near a threshold for stop-transfer function.
MATERIALS AND METHODS
Enzymes and Chemicals-Unless otherwise stated, all enzymes were from Promega. T7 DNA polymerase was from Pharmacia Biotech Inc. Proteinase K was from Life Technologies, Inc. [
35 S]Met was from Amersham Corp. Oligonucleotides were from Kebo Lab (Stockholm, Sweden). PhoA antiserum was from 3 Prime 3 5 Prime, Inc. (Boulder, CO). Hen egg white lysozyme, CHAPS, 1 phenylmethylsulfonyl fluoride, and the alkaline phosphatase chromogenic substrate 5-bromo-4-chloro-3-indolyl phosphate were from Sigma.
Strains and Plasmids-Experiments were performed in E. coli strains MC1061 (⌬lacX74, araD139, ⌬(ara,leu)7697, galU, galK, hsr, hsm, strA) (9) and CC118 (⌬(ara,leu)7697, ⌬lacX74, ⌬phoA20, galE, galK, thi, rpsE, rpoB, argE(am), recA1) (10) . All constructs were expressed in E. coli from the pING1 plasmid (11) by induction with arabinose.
DNA Techniques-All plasmid constructs were confirmed by DNA sequencing using T7 DNA polymerase. Relevant parts of the kch gene were amplified by polymerase chain reaction from E. coli MC1061 chromosomal DNA with a 5Ј-XhoI site and a 3Ј-KpnI site encoded in the primers. The polymerase chain reaction fragments were first cloned into the pT7-Blue vector (Novagen, Inc.), excised using XhoI and KpnI, and cloned behind the ara promoter in an XhoI-KpnI restricted plasmid derived from pING1 containing a lep gene with a 5Ј-XhoI site just upstream of the ATG initiation codon and a KpnI site in codon 78. Finally, a SalI-KpnI fragment carrying the lep upstream region and the relevant kch segment was excised from this plasmid and cloned into a previously constructed plasmid (12) carrying a phoA gene lacking the 5Ј-segment coding for the signal sequence and the first 5 residues of the mature protein and immediately preceded by a KpnI site. In the polymerase chain reaction amplification step, the natural GTG initiation codon in kch was changed to ATG. In all constructs, an 18-amino acid linker (VPDSYTQVASWTEPFPFC) was present between the Kch and PhoA moieties.
Protease Protection Assay of Stop-transfer Function in E. coli-E. coli strain MC1061 transformed with the pING1 vector carrying the relevant constructs under control of the arabinose promoter was grown at 37°C in M9 minimal medium supplemented with 100 g/ml ampicillin, 0.5% fructose, 100 g/ml thiamin, and all amino acids (50 g/ml each) except methionine. An overnight culture was diluted 1:25 in fresh medium, shaken for 3.5 h at 37°C, induced with arabinose (0.2%) for 5 min, and labeled with [
35 S]methionine (75 Ci/ml). After 1 min (see Fig.  3 ) or 2 min (see Fig. 2 ), nonradioactive methionine was added (final concentration of 500 g/ml), and incubation was continued for the times indicated in the figure legends, after which it was stopped by chilling on ice. Cells were spun in an Eppendorf benchtop centrifuge at 14,000 rpm for 2 min, resuspended in ice-cold buffer (40% (w/v) sucrose and 33 mM Tris, pH 8.0), and incubated with 5 mg/ml lysozyme and 1 mM EDTA for 15 min on ice. Aliquots of the cell suspension were incubated for 10 min on ice and for 5 min at room temperature, either with no additions or with the addition of 25 g/ml proteinase K or with 25 g/ml proteinase K and 0.2% CHAPS (13) . After the addition of phenylmethylsulfonyl fluoride, samples were trichloroacetic acid-precipitated (10% final concentration); resuspended in 10 mM Tris, pH 7.5, and 2% SDS; immunoprecipitated with antiserum to PhoA; washed; and analyzed by SDSpolyacrylamide gel electrophoresis. Gels were scanned in a FUJIX Bas 1000 phosphoimager and analyzed using MacBAS software (Version 2.2).
PhoA Activity Assay-Alkaline phosphatase activity was estimated by growing strain CC118 transformed with the appropriate pING1-derived plasmids on 5-bromo-4-chloro-3-indolyl phosphate plates or in liquid culture in the presence of 0.2% arabinose (4) . The activities measured in liquid culture were normalized by the rate of synthesis of the fusion protein determined by pulse labeling of arabinose-induced CC118 cells for 2 min, followed by immunoprecipitation and quantitation as described above. 
RESULTS
Hydrophobicity Analysis-Kch is a 417-residue-long protein with a number of highly hydrophobic segments (Fig. 1) . Interestingly, one of the more hydrophobic segments is the P-segment, which in fact scores at the transmembrane segment threshold according to the TOPPRED algorithm (14, 15) . There is also a fairly hydrophobic segment around residue 250 in a domain that corresponds to the large C-terminal cytoplasmic domain in the eukaryotic potassium channels (7) . It is thus difficult to make a definitive topology prediction for Kch based only on the hydrophobicity plot.
Construction of Kch-PhoA Fusions-To experimentally map the membrane topology of Kch, six Kch-PhoA fusions were made as shown in Fig. 1 . The fusion joints were placed near the C-terminal ends of the presumed cytoplasmically and periplasmically exposed loops, as this has been shown to give more reliable results (16) . The fusion proteins were of the expected sizes ( Fig. 2A) , except that the two most C-terminal fusions also gave rise to additional bands that by their size seem to result either from internal initiation at Met 240 or from endogenous proteolysis near the C-terminal end of S6.
As a rough indication of topology, plasmids expressing the different fusion proteins were transformed into CC118 cells, and alkaline phosphatase activity was screened on 5-bromo-4-chloro-3-indolyl phosphate indicator plates containing arabinose (4) (4) and normalizing by the rate of synthesis of the respective fusion protein (Table I) (17) .
Proteinase K Digestion of Fusion Proteins-To obtain more direct evidence for the location of the PhoA moiety in the different fusions, we used a protease sensitivity assay (13) . When located in the periplasm, PhoA folds into a highly protease-resistant form, whereas cytoplasmically located PhoA cannot fold and hence is easily degraded by proteases after disruption of the inner membrane by detergent.
Kch-PhoA fusion proteins were expressed in strain MC1061, and cells were either converted to spheroplasts or lysed with the detergent CHAPS prior to treatment with proteinase K. As shown in The membrane assembly of fusions Kch(134)-PhoA and Kch(200)-PhoA was further studied by pulse-chase analysis (Fig. 3) . The fractions of non-or partly digested (bands a ϩ b) and PhoA-sized (band c) material remained constant throughout the chase in the former fusion. This was not the case in Kch(200)-PhoA, however, where the amount of protease-resistant PhoA fragment (band c) increased at the expense of the nondigested (band a) and partly cleaved (band b) species. It thus appears that the majority of the molecules have the PhoA moiety stably localized in the cytoplasm in Kch(134)-PhoA, whereas the PhoA moiety is slowly translocated to the periplasm in Kch(200)-PhoA. Since translocation was rapid for Kch(172)-PhoA (Fig. 2B and data not shown) , we conclude that the slow translocation in Kch(200)-PhoA is caused by the presence of the P-segment. Presumably, the P-segment is sufficiently hydrophobic (Fig. 1B) to significantly slow down the passage of the nascent chain through the membrane, but is not sufficiently hydrophobic to promote permanent membrane anchoring. We have recently found a similar kinetic effect on translocation in studies of other stop-transfer-like segments of intermediate hydrophobicity. 2 
DISCUSSION
The topology model for the C-terminal half of Kch shown in Fig. 4 is consistent both with the PhoA activities and with the protease sensitivities of the six Kch-PhoA fusions analyzed here. Since the hydrophobicity profile is rather clear-cut in the N-terminal half of the molecule (Fig. 1B) , a topology with six transmembrane segments and a periplasmically anchored P-segment possibly penetrating between the transmembrane helices to form part of the selectivity filter seems highly likely for the Kch protein and, by extension, for eukaryotic voltage-gated potassium channels. This topology is also in good agreement with the "positive inside" rule (18) , with most of the positively charged amino acids located in the cytoplasmic segments. Similar results were recently obtained for two eukaryotic cyclic nucleotide-gated channels expressed in E. coli (19) , suggesting that, in this case at least, the heterologously ex- pressed ion channels adopt the same topology in E. coli as in their natural hosts.
The most interesting part of the Kch topology is the Psegment, which must be under tight evolutionary constraints to be able both to contribute to the selectivity filter (as attested to by its high degree of sequence similarity to P-segments from eukaryotic voltage-gated channels) (7) and to translocate to the periplasmic side of the membrane. P-segments from eukaryotic potassium channels are also notably hydrophobic (7), suggesting that the overall hydrophobicity of the Kch P-segment is finely balanced near the threshold of becoming a transmembrane helix rather than a periplasmically anchored loop. In fact, the translocation of the Psegment through the inner membrane is significantly slowed down compared with other periplasmic regions.
